a Among the procedures to prepare lanthanide-containing nanoparticles a gap exists in the range between 5 and 40 nm. The miniemulsion technique presented here is intended to fill this discontinuity and offers a facile method that can be applied for the preparation of nanoparticles for various applications, e.g. medical imaging, optics and catalysis. We demonstrate that formation of nanodroplets under emulsion conditions is the key step in the size control of the nanoparticles. The type of surfactant and the nature of the dispersed and continuous phases strongly influence the interfacial activity and, consequently, the size of the final solid particles that result from the subsequent thermal decomposition. Moreover, the choice of the surfactant determines the final elemental composition of the particles, leading to either lanthanide oxides or oxysulfates when using Brij® 35 or sodium dodecyl sulfate, respectively. Nanoparticles of holmium and gadolinium were prepared and their applicability as magnetic resonance imaging contrast agents is shown.
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INTRODUCTION
Lanthanide-containing nanoparticles (Ln-NPs) have attracted considerable interest in recent years, and their properties have been thoroughly investigated in relation to the various applications such as optics, 1 catalysis 2 or biomedicine, [3] [4] [5] [6] including cell labelling, diagnostics, therapy and combinations thereof. For instance, due to their high Ln 3+ -loading, targeting
Ln-NPs can deliver high payloads of Ln-ions to the site of interest, 7 which allows the detection of biomarkers expressed at low levels on a cell surface. 8 Size and morphology control plays an essential role in application of NPs. For example, it has been demonstrated that non-spherical shapes translate into cytotoxicity due to a higher chance to damage the cell membranes. 9 Furthermore, the cellular as well as tissue and organ distribution of NPs is highly dependent on the particle size. 10, 11 Particles less than 100 nm in diameter can easily pass through the vasculature, and the smallest ones can even spread into organs. 12, 13 In case of application of NPs as contrast agents (CAs) for magnetic resonance imaging (MRI), the size becomes particularly essential as it determines their usefulness for either T 1 -or T 2 -weighted imaging. Since the efficacy of positive (T 1 ) nanoparticulate CAs depends on the interaction of water molecules with paramagnetic ions at the surface of NPs, a high surface-to-volume ratio is required and thus NPs with a diameter smaller than 10 nm are preferred. On the other hand, negative (T 2 ) contrast depends on magnetic susceptibility and the magnitude of magnetic moment, which are in direct relation with the number of paramagnetic ions per particle and hence the size of the applied NP. A large number of publications reports on Ln-based NPs such as oxides, 14, 15 carbonates, 16 oxysulfides, 17 polysiloxane networks, 18 hybrids, 19 zeolites, and porous silica supporters. 6 The size of these particles varies widely in the range of 1-200 nm depending on the preparation methodologies applied. The polylol method is particularly useful to prepare ultrasmall Gdoxide NPs (1-3 nm). 20 However, for larger particles this procedure is time-consuming due to slow nucleation and the need for repetition of seed growth, and poorly reproducible as there is no control over the yield and uniformity of the resultant NPs. The polylol method has also raised concerns about inhibitory effects on neutrophil oxidative burst that might be caused by the presence of diethylene glycol on the surface of particles prepared in such solvent. 21 We have previously reported that Ln carbonate NPs (turning into oxides upon calcination) can be readily prepared via controlled microwave-assisted seed growth. 
27-29
The method reported herein involves two steps: an easy and efficient preparation of miniemulsions consisting of Ln nanodroplets, and a subsequent thermal decomposition to obtain Ln-containing solid particles. It is noteworthy that the nature of the product obtained through thermal decomposition is highly dependent on the surfactant in the continuous phase: for example Ln 2 O 3 is obtained using Brij® 35, while Ln 2 O 2 SO 4 is produced in the presence of sodium dodecyl sulfate (SDS). This simple miniemulsion method opens new and interesting alternatives to prepare NPs for a variety of applications, including imaging and therapy.
EXPERIMENTAL SECTION

Materials and methods
All chemicals were used as supplied from commercial sources: analytical grade solvents, sodium dodecyl sulfate, octadecane (Sigma-Aldrich), polyethylene glycol dodecyl ether (Brij® 35, M n ~1198), acetylacetone (acac) (Fluka). "H 2 O" refers to high purity water with conductivity of 0.04 μS cm -1 , obtained from a Milli-Q purification system. Lanthanide chlorides (LnCl 3 ⋅6H 2 O, Strem Chemicals) were dissolved in 10 mL water, the obtained solutions were filtered over a 200 μm Nylon syringe filter and evaporated to dryness under high vacuum before use. Ln(acac) 3 were synthesized according to published procedures: 30 typically, acetylacetone (0.220 mol) was dissolved in H 2 O (135 ml) and the pH of this solution was adjusted to 8.5 by portion-wise addition of 25% ammonium hydroxide; LnCl 3 (10 mmol; Ln = Gd, Ho) was dissolved in H 2 O (5 ml) and slowly added to the above-mentioned solution under stirring. The mixture was stirred overnight and the pink (Ho(acac) 3 ) or white (Gd(acac) 3 ) crystals were filtered, washed three times with water and air-dried.
Preparation of Ln-containing nanodroplets by a miniemulsion method
In a typical procedure to prepare the miniemulsion, the dispersed hydrophobic phase was obtained by mixing Ln(acac) 3 (50 mg) in CHCl 3 or dichloromethane (DCM) (2.5 ml). This suspension was then added dropwise to a continuous phase consisting of SDS or Brij® 35 dissolved in H 2 O (8 ml). The mixture was vigorously stirred at room temperature for 1 h (pre-emulsion) and then ultrasonicated (Qsonica Sonicator, 500 W, 1/2 inch tip, 80% amplitude, time interval 0.5 s) for 5 min under ice cooling, yielding milky miniemulsions (pink for Ho and white for Gd). The hydrophobic solvents were removed by careful rotary evaporation at 30 °C to avoid aggregation, until a turbid dispersion appeared. These dispersions were used to measure the hydrodynamic radius of the nanodroplets, and they were then freeze-dried yielding Lncontaining powders.
Phase transformation
Thermal decomposition of the previously obtained powders was performed by calcination at 800 °C under air atmosphere for 1 h applying a heating rate of 2.5 °C min -1 . The average yield of this procedure was 82% with respect to Ln(acac) 3 .
Characterization
The size of the nanodroplets in the miniemulsion was measured by dynamic light scattering (DLS). The experiments were carried out by using a Malvern Zetasizer NanoZS operating in a particle size range from 0.6 nm to 6 μm and equipped by a He-Ne laser with λ=633 nm. The measurements were performed at 25 °C, and the average diameter was based on three individual measurements, 20 scans for each measurement. To evaluate the process of conversion of the freeze-dried Ln-containing nanodroplets into solid particles, thermogravimetric analysis (TGA) was conducted by using a Perkin-Elmer Thermogravimetric Analyzer TGA7 equipped with a Thermal Analysis Controller TAC 7/DX, from 25 to 900 °C (10 °C min -1 ) under air atmosphere. X-ray diffractometry (XRD) measurements were performed on a Bruker D8 Advance X-ray diffractometer using Co Kα radiation (1.789 Å) at 35 kV and 40 mA. The data were collected from 5° to 80° 2θ with a step size of 0.020° 2θ and a counting time of 0.5 s per step. Lattice constants were calculated and corrected using MDI JADE software. Transmission electron microscopy (TEM) analyses were performed on a JOEL JEM-2100 transmission electron microscope. Samples of nanoparticles from dilute aqueous dispersions were evaporated over a 400-mesh copper measurement grid. 
RESULTS AND DISCUSSION
Formation of the nanodroplets
In order to obtain a miniemulsion containing homogeneous and stable nanodroplets, a hydrophobic dispersed phase and a hydrophilic continuous phase need to be mixed and sonicated. In general, once homogeneously distributed nanodroplets are obtained, no decomposition or aggregation takes place and the nanodroplets can be converted into a solid material by removal of the solvents. This strategy was successfully exploited for the synthesis of lanthanide-containing NPs (Scheme 1).
Scheme 1. Two-step preparation of Ln-NPs. Small and homogeneous nanodroplets in miniemulsion were first achieved by powerful sonication followed by evaporation of the hydrophobic solvent; freeze-drying and subsequent calcination led to the aimed systems.
Homogeneous nanodroplets in miniemulsion were prepared by powerful sonication of a mixture of Ln(acac) 3 in the dispersed phase and surfactant in the continuous phase. The conditions of sonication in terms of mechanical energy and duration were chosen to allow the nanodroplets in emulsion to reach a steady state. 30 The presence of a surfactant facilitates the nucleation by forming a region of hydrophobic tails where nanosized chloroform or dichloromethane cores containing Ln(acac) 3 are trapped and act as nanoreactors; the hydrophilic moieties extend into a polar continuous phase of water. Such configuration provides discrete particle formation. The resulting nanodroplets were then isolated and thermally decomposed into solid nanoparticles.
Different synthetic conditions, such as combinations and amounts of solvents and surfactants, were investigated ( Table  1 ). The various products obtained were preliminary characterized via DLS size measurements. At first, preparations were carried out with Ho(acac) 3 in chloroform as dispersed phase, while SDS was used as surfactant in the aqueous phase. It is a common strategy in miniemulsion techniques to add a hydrophobic co-stabilizing agent to stabilize the droplets against Ostwald ripening. 32 Here, we selected octadecane to adjust the osmotic pressure of the miniemulsion. It appeared that the presence of octadecane in the dispersed phase had a positive effect on reducing the size of the Ho-containing droplets, but decreasing its concentration led to higher polydispersity index (PDI) values (Table 1 , entries 1-3). TEM images of the particles obtained after thermal decomposition of these droplets showed that the presence of octadecane leads to less homogenous solid particles (Fig. S1 ). Therefore, a hydrophobic agent was omitted in the next preparations in order to achieve a better homogeneity of the resultant solid particles.
Although it has been demonstrated that in general the concentration of surfactant plays a crucial role in controlling the size of the droplets, 33 this effect was observed only to a limited extent in the present case: varying the concentration of SDS in the continuous phase from 10 to 30 mM (Table 1 , entries 3 and 4) did not change the droplet size significantly (as measured by DLS, 45 vs. 51 nm). Furthermore, increasing the SDS concentration over 30 mM resulted in unstable nanodroplets precipitating within 3 days. The diffusion of the dispersed phase through the water phase has been shown to limit the growth of nanodroplets. 25 With this in mind, we investigated the use of more polar DCM as the solvent of the dispersed phase. When keeping the other conditions unmodified ( Once the factors playing a role in the preparation of Honanodroplets were assessed, their applicability and reproducibility were checked by preparing analogous Gdbased systems. With Gd(acac) 3 under the same conditions (Table 1 , entries 5 and 9) the obtained Gd-nanodroplets had a size of 33 nm, consistent with the value previously measured for the corresponding Ho-based products (26 nm). Also the replacement of SDS with Brij® 35 as surfactant had similar effects (Table 1 , entries 9 and 10); a remarkable increase in size (98 vs. 33 nm) and a significant lowering of the PDI (from 0.40 to 0.10). These results show that the formation of nanodroplets in a miniemulsion process can be reliably tuned not only by adjusting the polarity of the two phases, but also by playing with the other components in general and the surfactant in particular.
Formation of the nanoparticles
The second step in the preparation of Ln-NPs consists of the transformation of the nanodroplets from the miniemulsion into solid particles through calcination (Scheme 1). Both the Ho-and Gd-containing nanodroplets were dried and then decomposed under aerobic conditions at 800 °C for 1 h. The nature of the product after thermal decomposition turned out to depend on the surfactant added during the synthesis. When SDS was used, the calcination yielded oxysulfates (Ln 2 O 2 SO 4 ) nanocrystals, the surfactant being the source of sulfur. The evolution in the crystal structure can be observed by X-ray powder diffraction measurements (Fig. 1) : the XRD pattern of the dried Ho-nanodroplets is mainly featureless, indicating a basically amorphous nature (Fig. S2) ; after calcination, Ho 2 O 2 SO 4 is obtained instead in a crystalline form (Fig. 1a,  top) . All the XRD reflections revealed a crystal structure (Fig. 1a) , the intensity of which was mainly dependent on the applied Ho(acac) 3 :SDS ratio.
The thermal decomposition of Gd-containing nanodroplets showed analogous effects (Fig. 1a, bottom) . Noteworthy, it is possible to obtain Ln 2 O 2 SO 4 NPs with higher purity by adjusting the molar ratio of starting materials, as shown for Gd(acac) 3 and SDS during the preparation of the corresponding nanodroplets. The XRD pattern of the obtained crystalline When non-ionic surfactant Brij® 35 was used in the miniemulsion, the subsequent thermal decomposition yielded crystalline oxide (Ln 2 O 3 ) nanocrystals (Fig. 1b) . All reflections in the XRD spectra can be indexed to the cubic structure of TGA profiles of the thermal decompositions were recorded (Fig. 2) . The starting material Ho(acac) 3 has a major multistep weight loss in the temperature range 30- (1) It has been reported that an alternative stacking of La 2 O 2
2+
and SO 4 2-layers takes place under treatment at high temperature of hydrous nitrates (Ln(NO 3 ) 3 ·nH 2 O) intercalated with dodecyl sulfate ions. 37, 38 The gradual decomposition observed in the range 300-700 °C can thus be ascribed to the stacking mechanism leading to the formation of Ln 2 O 2 SO 4 . Such gradual process proceeds until 760 °C to yield Lnoxysulfates, in agreement with the XRD evolution (Fig. S3) . The formation of Gd 2 O 2 SO 4 follows a totally analogous pathway (Fig. 2b ) Different TGA profiles were recorded for dried nanodroplets obtained in the presence of Brij® 35 as surfactant (Fig. 2) . The dominant weight loss (~78%) between 200 and 500 °C corresponds to the decomposition of organic Brij® 35 and acetylacetonate. Above 500 °C, the thermogravigram reaches a plateau, indicating that Ho 2 O 3 or Gd 2 O 3 NPs are obtained.
The surface chemical structure of the obtained various NPs were characterized by Fourier transform infrared spectroscopy (Fig. S4) . The main starting material Ln(acac) 3 , with an indication of low site symmetry in the oxysulfate. 39 In contrast, the spectra of materials prepared by using Brij® 35, exhibited a strong peak at 550 cm -1 , typical for cubic-type Ln 2 O 3 NPs. 40 Energy dispersive X-ray spectroscopy (EDS) was further applied to determine the compositions of various Ln-based NPs. Fig. 3 reports the profiles for Ho 2 O 2 SO 4 and Ho 2 O 3 NPs, while the data corresponding to the Gd-analogues are given in the ESI (Fig. S5) . It is clear that the obtained NPs are composed of Ln 2 O 2 SO 4 and Ln 2 O 3 when SDS and Brij® 35 were used, respectively. The solids obtained after thermal decomposition consisted of fairly uniform spherical particles, as determined by TEM images (Figs. 4 and S1 ).
As mentioned above, with this technique it was also possible to observe how the use of octadecane as a costabilizing agent in miniemulsions affects the final size of the particles: under the same reaction conditions (Table 1 , entries 2 and 3) the addition of octadecane (10 wt% with respect to Ln-acetylacetonate) led to particles (Fig. 4a ) with a diameter (18 nm) smaller than that (24 nm) obtained in its absence (Fig.  4b ). This effect is consistent with the reported claim that increasing the osmotic pressure leads to a decrease in the particles size. 30 However, one of the advantages of the method discussed herein is that a hydrophobic co-reagent is not decisive in the preparation of nanodroplets. As described above, changing the solvent of the dispersed phase from CHCl 3 to DCM (Table 1 , entries 3 and 5) resulted in Ho-loaded nanodroplets with a significantly reduced diameter (from 45 to 26 nm). This is confirmed by the TEM images of the corresponding final Ho 2 O 2 SO 4 particles (Figs. 4b and 4c ) with diameters 24 and 8 nm, respectively. This further highlights the importance of the interfacial activity on the formation of the nanodroplets and, consequently, of the solid particles. The increase in size of the nanodroplets prepared with the addition of ethanol (Table 1 , entry 6) is reflected in the TEM images of the corresponding final NPs (Fig. 4d) , for which an average diameter of 8 nm was measured. Upon replacement of SDS with Brij® 35 as surfactant in the miniemulsion, the TEM images of Ho 2 O 3 and Gd 2 O 3 obtained upon calcination showed spherical particles with a diameter of 12 and 7 nm, respectively (Fig. S6) . Although the hydrodynamic diameters of the corresponding nanodroplets were by far Please do not adjust margins Please do not adjust margins larger (109 and 98 nm, respectively) due to the long polymer chain of Brij® 35 (Table 1 , entries 9 and 10, and Fig. S7 ), the solid Ln 2 O 3 particles showed the expected small sizes.
Relaxivity and MRI studies of Ln 2 O 2 SO 4 and Ln 2 O 3 NPs
As an example of their applicability, the Ln-NPs prepared as described above were evaluated in terms of their performance as magnetic resonance imaging contrast agents. Because of its seven unpaired 4f-electrons Gd is the most paramagnetic stable metal ion, and therefore Gd 3+ -complexes are nowadays the most common longitudinal-or T 1 -CAs in medical MRI. 41, 42 On the other hand, Ho (together with dysprosium) is the most efficient transversal or T 2 CA for its highest magnetic moment. 43 In view of their possible application as MRI CAs, the final Ho-or Gd-based NPs were evaluated for transverse (r 2 ) and longitudinal (r 1 ) proton relaxivities. The water proton relaxation rates (R n = 1/T n , n = 1 or 2) of four samples of each Ln were measured at 25 °C and 7 T, and then plotted against the related concentration of paramagnetic Ln 3+ ion in order to attain the corresponding relaxivity value as the slope of the obtained straight line (Fig. 5a ). (Fig.  5b ). This effect is in agreement with the obtained r 2 /r 1 ratio of 10, which is known to be favorable for the T 1 contrast. 6 Increasing the particle size to 12 nm has a clear negative (dark) effect on the T 1 -weighted intensity, due to higher r 2 /r 1 ratio (up to 36, Table 2 ) and a consequent dominance of T 2 -on the intensity (Fig. 5b) , respectively. The difference in diameter between the two systems must be taken into account, due to the strong linear dependence of r 2 on the particle size. 44 Based on the low r 1 values, and consequently, high r 2 /r 1 ratio, these particles are suitable for T 2 -weighted imaging, as demonstrated in Fig. 5c . Besides the size and chemical composition, several experimental parameters, such as temperature, pH, strength of the applied magnetic field etc. determine the r 1 and r 2 of NPs. Therefore, the relaxivities of even similar types of NPs reported in the literature often cannot be compared directly. Taking this into account, in Table 2 a small selection of literature data is compiled to demonstrate the consistency of the relaxivities of Gd-and Ho-NPs obtained by different preparation methods, and measured under the same conditions (7 T, 25 °C). The data clearly show a decrease of r 1 for Gd-NPs upon increasing their particle size as the consequence of the decrease in the surface-to-volume ratio for oxides as well as for oxysulfates and oxysulfides. 
Conclusions
We have demonstrated a facile miniemulsion technique and subsequent thermal decomposition that can be advantageously applied for the preparation of Ln-containing NPs. Such methodology is particularly useful for the preparation of NPs in the size range of 5 to 40 nm as it is far less time-consuming, more reproducible and results in a higher productivity than the polyol strategies suitable for ultrasmall NPs. Therefore, the present miniemulsion method is a valid and convenient alternative strategy with attractive advantages for the synthesis of Ln-NPs.
The formation of nanodroplets under emulsion conditions is highly influenced by the selection of the surfactant and the nature of the dispersed and continuous phases. In the present study, the interfacial activity and the type of surfactant revealed to be the key parameters determining not only the size of the nanodroplets and hence the final solid particles, but also their chemical composition. In particular, depending on the surfactant used, the main products are either lanthanide oxysulfates or oxides. By adjusting these parameters, spherical NPs with a defined diameter can be readily obtained through further thermal decomposition. Both types of particles exhibited the relaxivities that are in accordance with the values reported in the literature. The r 2 relaxivities measured on smaller Ho-NPs (< 20 nm) confirm the linear sizedependence reported previously for larger Ho-NPs (> 40 nm). 16 The MR images indicate a good T 2 -weighted contrast, and hence, suitability of these NPs prepared by the miniemulsion method as T 2 CAs after a proper surface functionalization. On the contrary, the r 1 relaxivities of Gdcontaining NPs decrease with the particle size, and as the result of T 2 -effect becoming dominant, the brightness of the T 1 -weighted MR images acquired with bigger Gd-NPs (> 7 nm) is less. These observations demonstrate the importance of 
